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The physical systems with ferromagnetism and “bad” metallicity hosting unusual transport prop-
erties are playgrounds of novel quantum phenomena. Recently EuTi1−xNbxO3 emerged as a fer-
romagnetic system where non-trivial temperature dependent transport properties are observed due
to coexistence and competition of various magnetic and non-magnetic scattering processes. In the
ferromagnetic state, the resistivity shows a T 2 temperature dependence possibly due to electron-
magnon scattering and above the Curie temperature Tc, the dependence changes to T
3/2 behaviour
indicating a correlation between transport and magnetic properties. In this paper, we show that
the transport spin-polarization in EuTi1−xNbxO3, a low Curie temperature ferromagnet, is as high
(∼ 40%) as that in some of the metallic ferromagnets with high Curie temperatures. In addition,
owing to the low Curie temperature of EuTi1−xNbxO3, the temperature (T ) dependence of Pt could
be measured systematically up to Tc which revealed a proportionate relationship with magnetiza-
tion Ms vs. T . This indicates that such proportionality is far more universally valid than the
ferromagnets with ideal parabolic bands. Furthermore, our band structure calculations not only
helped understand the origin of such high spin polarization in EuTi1−xNbxO3 but also provided
a route to estimate the Hubbard U parameter in complex metallic ferromagnets in general using
experimental inputs.
Spintronic devices involve manipulation of the spin of
electrons. Spin polarized electrons can, in principle, be
sourced from itinerant ferromagnets with high degree of
spin polarization[1–3]. In this regard, search, determi-
nation and understanding of spin polarization in novel
materials is of utmost importance. Since device appli-
cations are desirable at ambient temperatures and most
of the traditional “transport” spin polarization measure-
ment techniques rely on low-temperature experiments,
it is most important to understand temperature evolu-
tion of the magnitude of spin polarization in materials.
Such measurements are particularly interesting in mate-
rials that cannot be characterized by conventional metal-
licity. On the other hand, for a complete understanding
of such temperature evolution up to the Curie tempera-
ture (Tc), it is important to have a ferromagnet where Tc
falls within the low-temperature limit where such mea-
surements are possible. In this context, EuTi1−xNbxO3
is found to be the ideal candidate because it is a “bad”
metal and at the same time, a ferromagnet with low Tc ∼
9.5 K for x = 0.15[41].
EuTi1−xNbxO3 is an important member of the per-
ovskite titanate family RTiO3 (R = rare earth ion),where
Ti usually has 3d1 electronic configuration. This family
has attracted researchers since last two decades owing to
their several fascinating properties [4–7]. There has been
a considerable amount of theoretical and experimental
∗ goutam@iisermohali.ac.in
work done for understanding the nature of the ground
state in this family. Among the perovskites, EuTiO3
with unique divalent rare-earth ion Eu and tetravalent
Ti has generated substantial interest since the discovery
of magnetoelectric coupling in this compound below the
antiferromagnetic (AFM) transition temperature TN =
5.5 K [8–13]. EuTiO3 has a positive Curie- Weiss con-
stant and exhibits strong coupling between magnetic or-
dering and phonon modes. Efforts have been made to
drive this system from antiferromagnetic phase to other
magnetic phases upon modifications due to partial sub-
stitution at the Ti site. Small amount of substitution at
Ti site by Nb drives the system from antiferromagnetic
to ferromagnetic [40]. Substitution by Nb4+ ion at the
Ti4+ results in the introduction of electrons in EuTiO3
without disturbing the Eu2+ moments chain. Previous
studies in EuTi1xNbxO3 revealed notable increase in elec-
trical conductivity and large values of magnetocaloric re-
sponse of about 23.8 J kg−1K−1 even at low magnetic
field 0-2 T [11]. Therefore, introduction of Nb in antifer-
romagnetic EuTiO3 results in ferromagnetic behaviour in
EuTi1−xNbxO3 (x = 0.15) with TC ∼ 9.5 K and satura-
tion magnetization at 2 K is estimated to be ∼ 7µB/Eu
[11].
In this paper, we have employed spin-resolved Andreev
reflection (PCAR) spectroscopy using conventional su-
perconducting tip of Nb to measure the transport spin-
polarization in EuTi1−xNbxO3 (x = 0.15) [14–22]. Spin
polarization (P ) in a metallic ferromagnet is generally
defined as P = (N↑(EF ) - N↓(EF )/(N↑(EF ) + N↓(EF )),
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2where N↑(EF ) and N↓(EF ) are the density of states
(DOS) of the up and down spin channels respectively
at the Fermi level. However, in a transport experi-
ment like PCAR, the relevant quantity is not the ab-
solute spin polarization but the so called “transport spin
polarization” which is defined as: Pt = (〈N↑vF↑〉FS -
〈N↓vF↓〉FS)/(〈N↑vF↑〉FS + 〈N↓vF↓〉FS) in the ballistic
regime, where N↑ and N↓ are the density of states (DOS)
of the up and down spin channels respectively at the
Fermi level and vF↑ and vF↓ are the respective Fermi
velocities [23].
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Figure 1. (a),(b),(c) Normalized dI/dV spectra for point-
contacts on EuTi1−xNbxO3 with x=0.15 using a Nb tip. The
black lines show BTK fits with spin-polarization included. (d)
Spin-polarization (Pt) vs. barrier strength (Z) plot. The solid
lines show extrapolation to Z = 0 where the spin-polarization
approaches 45 %
PCAR spectroscopy measurements were performed on
single crystal EuTi0.85Nb0.15O3 using Nb tips. The bal-
listic point-contacts between the sample and the tips
were fabricated and controlled by moving the tip up
and down by rotating a differential screw-based head as-
sembly manually. The measurements involved obtaining
the point contact spectra (i.e. differential conductance
dI/dV vs. V curves) for different contacts with different
values of Z, the interface transparency as in the Blonder-
Tinkham-Klapwijk (BTK) theory. The spectra thus ob-
tained were analyzed using BTK theory modified to in-
corporate the effect of spin polarized bands [24, 25]
In Figure 1(a,b,c) we show three representative PCAR
spectra (red points). The overall spectral features indi-
cate that the point contacts belong to the ballistic or dif-
fusive regime of transport where the two peaks symmetric
about V = 0 appear due to Andreev reflection across a
superconducting interface with finite transparency (Z).
The black lines show the fits to the experimentally ob-
tained spectra using spin-polarized BTK theory. The su-
perconducting gap ∆ ranges between 1.2-1.5 meV for dif-
Figure 2. (a) Normalized dI/dV spectra with varying tem-
perature over a temperature range of 1.98 K to 9.33 K for
point-contacts on EuTi0.85Nb0.15O3 using a Nb tip. The col-
ored lines show experimental data points and the black lines
show BTK fits with spin-polarization included. (b) Tempera-
ture dependence of transport spin-polarization and the broad-
ening parameter Γ. The solid lines are guide to the eye.
ferent contacts. The extracted values of spin-polarization
Pt and Γ are also shown. For different values of Z be-
tween 0.265 - 0.388 the transport spin polarization is
measured to be around 41%. The extracted values of Pt
is also seen to slightly depend (linearly) on Z as shown
in Figure 1(d). The solid lines in Figure 1(d) show linear
extrapolation of the Z-dependence of Pt to Z = 0 which
gives the expected intrinsic value of the spin-polarization
(for Z = 0). The intrinsic spin-polarization extracted in
this case is found to be approximately 45% which is com-
parable to elemental ferromagnetic metals like Fe (P =
40%), Co (P = 42%) and Nickel (P = 39%)[26].
Figure 2(a) shows temperature dependence of
normalized dI/dV spectra for point-contacts on
EuTi0.85Nb0.15O3. The dip at V = 0 in the spectra
is maximum at the lowest observed temperature of
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Figure 3. Temperature dependence of transport spin-
polarization (P ) and spontaneous magnetization MS(T) nor-
malized by that at T=0 K,in the temperature range 2 - 9
K. Inset shows variation of normalized magnetization with
transport spin-polarization. The solid lines are guide to the
eye.
1.98 K. With increase in temperature, the differen-
tial conductance spectra gradually undergo thermal
smearing. At temperatures greater than 8.34 K the
most dominant feature of the spectra, namely, the two
peaks in the conductance spectra associated with the
superconducting energy gap gets flattened.
The BTK fits of the temperature dependence of nor-
malized dI/dV spectra (solid line in Figure 2(a)) give
an estimate of temperature dependence of the mea-
sured transport spin-polarization Pt and also the broad-
ening parameter Γ as shown in Figure 2(b). Trans-
port spin-polarization decreases with increase in temper-
ature whereas the parameter Γ is observed to increase
with temperature. Γ gradually increases and reaches a
maximum value of 0.4meV at 8 K close to the TC of
EuTi0.85Nb0.15O3. The parameter Γ is associated with
lifetime (τ) of superconducting quasiparticle in the way
Γ = ~/τ . The increase in Γ with temperature signifies
a corresponding decrease in quasiparticle lifetime at the
same temperature which might be due to enhanced spin
fluctuations at higher temperatures. Figure 3 shows tem-
perature dependence of transport spin-polarization and
spontaneous magnetization in the same panel for a direct
comparison between the two. Pt is observed to decrease
with temperature following the same behaviour as Ms.
This is clearly seen in the inset of Figure 3 where Ms and
Pt are seen to linearly dependent on each other. This is
remarkable because such proportional dependence of Pt
and Ms with temperature is expected only for materi-
als with strictly parabolic bands and EuTi0.85Nb0.15O3
is known to be a system with large correlation effects[15].
To gain insight into the experimental results, we have
performed first-principles calculations within the density
functional theory as implemented in the VASP. [27–30]
The spin-polarized wavefunctions are described within
the projector augmented wave formalism with 550
eV cutoff for the kinetic energy. [31] The exchange-
correlation energy is described with the Perdew-Burke-
Ernzerhof functional. [32] The strong electron correlation
in Eu-4f , Ti-3d, and Nb-4d electrons is accounted by an
on-site Hubbard-type Coulomb interaction U within the
rotationally invariant Dudarev’s approach. [33] While a√
2 × √2 × 2 tetragonal supercell is used to determine
the correct magnetic ground state of pure EuTiO3, a
2
√
2×√2×2 orthorhombic supercell is used to determine
the electronic structure and spin transport polarization
in EuTi1−xNbxO3. The Brillouin zone is sampled with
4×8×6 k-point mesh according to the Monkhorst-Pack
scheme, [34] while the atomic positions, volume and the
shape of the supercell are optimized until all the force
components are less than 0.01 eV/A˚ threshold. The cal-
culated lattice parameter of 3.97 A˚ for EuTiO3 compares
well with the experimental value of 3.91 A˚. [9]
In agreement with the previous experimental and the-
oretical results, the present DFT+U (UEu = 3.5 and UTi
= 2 eV) calculations predict an antiferromagnetic (AFM)
insulating ground state for EuTiO3. [35, 36] The AFM
superexchange between the half-filled 4f states of Eu2+
(S=7/2) via the Ti-3d states wins over the ferromag-
netic (FM) indirect exchange via Eu-5d states. [37] The
competing FM state lies only 1.2 meV/f.u. higher in en-
ergy. Thus, within the DFT+U approach, the tuneable
Hubbard U parameter dictates the long-range magnetic
ordering. [38, 39] In the absence of an on-site Coulomb
interaction for the Ti-3d electrons, the UEu above 5 eV
favours the competing FM state. In contrast, while UTi
= 2 eV is used, a lower UEu < 4 eV describes the AFM
ground state correctly. Such decrease in UEu with an
onset of U for the Ti-3d electrons is suggestive, since, if
the Ti electrons are assumed to be more localized then
the Eu electrons need to be more delocalized in order to
maintain the superexchange interaction described above.
The long-range AFM order can be tuned to FM through
strain, pressure, and chemical doping. [36, 40] It is known
that upon doping EuTiO3 with more than 5% Nb in place
of Ti in EuTi1−xNbxO3, the magnetic structure changes
from AFM to FM. [40] The Nb atoms in the lattice intro-
duce one itinerant electron per Ti-atom replaced, and as
a result, EuTi1−xNbxO3 becomes metallic. The itinerant
Nb-4d electrons mediate the Ruderman-Kittel-Kasuya-
Yoshida exchange interaction between the Eu2+ ions, and
the FM ground state emerges. [41]
The EuTi1−xNbxO3 with x = 0.15 (UEu = 3.5 and
UTi/Nb = 2 eV) shown in Figure 4(a) becomes FM metal
[Figure 4(b)], and we estimate the transport spin polar-
ization in the ballistic limit. The magnetic moment of
6.85 µB at the Eu-site is in agreement with an earlier
experiment, [35] which arises from the localized Eu-4f
orbitals [Figure 4(b)], which are around 0.5 eV below
the Fermi level. A deeper investigation into the density
of states (DOS) indicates that the states at the Fermi
level EF is composed of Ti-3d states with small contri-
butions from the Eu-4f and Nb-4d states [Figure 4(b)].
The spin-polarized DOS at the EF is calculated to be
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Figure 4. (a) Crystal structure of EuTi1−xNbxO3 indicates the oxygen octahedra tilting. (b) Band structure and the corre-
sponding density of states for x=0.125. Majority (minority) spin channel is drawn with black (red) color. The localized Eu-4f
states lie about 0.5 eV below the Fermi level. The Fermi level is composed of Ti-3d, Eu-4f and Nb-4d electrons. (c)-(d) Energy
evolution of the low-energy bands with Hubbard U parameter. While UEu is varied with fixed UTi=2 eV in (c), the evolution
of bands with different UTi (UEu = 3.5 eV) is shown in (d).
N↑(EF ) = 0.574 states/eV/unit-cell which is 68% higher
than the N↓(EF ). The average Fermi velocity 〈vF↑〉 =
3.47×105 m/s is also found to be higher for the spin-up
channel when compared to the spin-down channel, 〈vF↓〉
= 1.99×105 m/s. These result in a very high transport
spin polarization of 49% in the ballistic regime, which
is in excellent agreement with the present experimental
results with x = 0.15.
It is important to discuss that the electronic structure
and the concurrent Pt crucially depends on the on-site
Coulomb interaction UEu/Ti/Nb, which is treated as a pa-
rameter within the DFT+U formalism. [42] We find that
with increasing UEu [Figure 4(c)] both the channels are
pushed down in energy and the corresponding Pt mono-
tonically decreases to reach 25% for UEu = 5 eV, while
the UTi is kept fixed at 2 eV. In contrast, with increasing
UTi [Figure 4(d)], the minority channel is pushed higher
in energy and the corresponding Pt increases monotoni-
cally. Ultimately a half-metallic solution emerges for UTi
= 3 eV with 100% spin polarization. Thus, in the ab-
sence of a first-principles estimation of Hubbard U , one
can use the experimental knowledge of transport spin po-
larization to better estimate the theoretical U parameter
in ferromagnetic metals.
In conclusion, we report point contact An-
dreev reflection spectroscopy on polycrystalline of
EuTi0.85Nb0.15O3. EuTi0.85Nb0.15O3 is ferromagnetic
with Curie temperature TC = 9.5 K. Transport spin
polarization (Pt) estimated from differential conductance
spectra is about 45% which is close to elemental fer-
romagnets. Temperature dependence of transport spin
polarization closely follows the temperature dependence
of spontaneous magnetization (MS). Furthermore,
temperature dependence of the broadening parameter
(Γ) estimated from PCAR spectra exhibits increase with
temperature. This implies with increase in tempera-
ture superconducting quasiparticle lifetime decreases.
This decrease can be attributed to the effect of spin
fluctuations close to the critical temperature of the
ferromagnetic system. Thus, our study can provide
an alternative way to probe spin fluctuations in ferro-
magnetic materials. Based on a comparative analysis
between the experimental and theoretical investigations
we have also discussed a possible route to directly
estimate the Hubbard U parameter in complex metallic
ferromagnets in general.
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